SnTe was the first material, proposed by Hsieh et al., 1 to exhibit TCI properties. Ab-initio calculations show that band inversions occur at four L-points in the 3D Brillioun zone -a typical signature for the electronic structure of TCIs. This was later experimentally determined on the (100) surface of SnTe, by angle-resolved photoelectron spectroscopy (ARPES). 1 The effect of substituting Sn in PbTe and PbSe has been explored and it was suggested that by introducing strain into the lattice of these materials, a band inversion could be induced, thereby changing the trivial insulating nature of the materials to topologically non-trivial. 2 As a result, in the solid solutions Pb 1−x Sn x Te and Pb 1−x Sn x Se, TCI surface states have been experimentally observed. [3] [4] [5] The TCI nature of these materials is unaffected by the mixing disorder of the system. 6 Further experimental evidence obtained using spin-resolved photoelectron spectroscopy (SRPES) has led to the observation of spin textures for the (001) metallic surfaces in both Pb 0.73 Sn 0.27 Se and Pb 0.60 Sn 0.40 Te. 3, 7 Unlike in the case of SnTe, where the experimental observation of the TCI states can be difficult due to the p-type nature of the material, the tunable nature of the chemical potential to n and ptype in Pb 1−x Sn x Te/Se makes these compounds more suitable for experimentally observing the TCI states, thus providing the motivation for the study of these materials. 4 The resulting solid solution upon substitution, Pb 1−x Sn x Te, is a narrow band semiconductor with a tunable electronic structure based on the Sn/Pb ratio. 3 The structure of Pb 1−x Sn x Te is cubic for all Sn substitutions. For Sn substitution of up to x ≤ 0.4 in Pb 1−x Sn x Se, the structure remains cubic, similar to that of PbSe, whilst the other end member SnSe adopts an orthorhombic structure. This transition is further dependent on a critical temperature, up to T c = 250 K 4 and the TCI transition is not observed above this critical temperature.
It has been difficult to investigate the surface properties of TIs and TCIs, as the bulk signal all too often suppresses the signal from the protected surface state. This difficulty can be addressed by growing nanostructures, thus increasing the surface-area-to-volume (SAVR) of these materials, to better observe the metallic surface states. 8, 9 The growth of the TIs, Bi 2 Se 3 /Te 3 , in 2D and nanoform, has been well investigated and reported. [10] [11] [12] Nanomaterials of the first TCI, SnTe, has also been reported by us in our previous work and by others. [13] [14] [15] The nanomaterial growth was achieved using a vapour-liquid-solid (VLS) growth technique as this is a proven technique for obtaining high quality nanomaterials. [16] [17] [18] [19] [20] We have chosen to study the formation of nanomaterials starting with bulk crystals of Pb 1−x Sn x Te, for an optimum Sn substitution level of x = 0.4 and Pb 1−x Sn x Se with three different Sn substitution levels x = 0.18, 0.23 and 0.30. We report the experimental evidence for the growth of high quality single crystal nanowires of Pb 1−x Sn x Te (x = 0.23 (2) ), close to the critical Sn content at which the TCI transition occurs in this material. We also report attempts to produce nanomaterials of Pb 1−x Sn x Se. In both cases, a Au-catalysed VLS growth technique was used, similar to that adopted for SnTe. 13 The optimum growth conditions and parameters obtained from the study are presented. The methods described herein provide a route to producing suitable nanomaterials which may lead to the successful investigation of the enhanced TCI states of the compounds Pb 1−x Sn x Te/Se. Detailed characterisation performed on the bulk crystals grown, as precursors to the nanomaterial growth, include powder x-ray diffraction (XRD), x-ray Laue diffraction, scanning electron microscopy (SEM) and energy dispersive x-ray analysis (EDX). The resultant nano and micro materials obtained are characterised using SEM, EDX, transmission electron microscopy (TEM) and selective area electron diffraction (SAED). Table 1 ).
The crystallinity of the boules produced were examined using X-Ray Laue diffraction. This was performed across the surface of the crystal boules at various points. The diffraction patterns observed revealed sharp spots as can be seen in Figure 1a . This demonstrates the high crystalline nature of the samples grown and provides the orientation of the crystals cleaved from the as-grown boules.
Compositional analysis was performed on different sections of the crystal boules. Cleaved sections of the boules were examined using an EDX system on a Zeiss SUPRA 55-VP scanning electron microscope. The results showed that all the crystals grown were of a stoichiometry similar to the nominal starting compositions, within error, as shown in Table 1 . The crystals were powdered for use as starting materials for the growth of nanomaterials. Various parameters were refined and optimised to find the best conditions to obtain high quality nanowires with a good yield. This involved performing over 20 experiments adjusting the temperature of the hot zone as well as substrate position and argon flow rate similar to methods adopted in our previous work on the TCI, SnTe. 13 The preparation of the silicon substrates used for nanomaterial growth involved a two step process. First the silicon wafer substrates (approx. 5 mm x 30 mm) were cleaned using a 50:50 mixture of acetone and isopropan-2-ol. These were then allowed to dry naturally in air before suspending a sodium citrate gold nanoparticle buffer solution on the surface of the substrates (Alpha Aesar 20 nm gold nanoparticles). The buffer was held in position by the surface tension of the solution on the substrates. The solution was then allowed to evaporate in ambient room temperature conditions. We found that the Au nanoparticles dispersed on the surface with a density of ≈ 5/µm 2 .
5 mg of the source material was then placed at the centre of an alumina-silicate boat which in turn was placed in the centre of the 'hot zone' of a 20 cm tube furnace. as a carrier gas for the source material. The furnace remained at this temperature for a further 120 minutes at which point it was allowed to cool to room temperature naturally. The temperature of the 'cold zone' where substrates were placed for micro and nanomaterial growth was ≈ 300 • C.
The furnace used with the source and substrate arrangements are shown in Figure 2 .
After performing the nanomaterial growth, the substrates were removed from the furnace and upon visual inspection, metallic grey features on the surface of the substrates could be seen. The inside of the quartz tube was found to be coated with a thin metallic layer at the 'cold zone'. Table 2 shows a summary of the growth results obtained for the various starting materials. For the growths performed with Pb 1−x Sn x Te, nanomaterials in the form of wires were obtained. The growth of microcrystals surrounding the free standing nanowires was also observed. For the growths with Pb 1−x Sn x Se, however, predominantly microcrystals in the form of cubes were observed with a few nanowires present. TEM was used to obtain information on the quality of the Pb 1−x Sn x Te nanowires grown which had a composition of Pb 0.77(2 Sn 0.23 (2) Te when examined by EDX in TEM mode as shown in Table   2 . The nanowires were found to be between 10 and 50 µm long with a typical thickness of ≈ 100 nm. The growth density of the nanowires, observed from SEM, was found to be ≈ 0.40/µm 2 . It has been widely reported that dispersed gold nanoparticles on the surface of the silicon substrates act as catalysts and promote the growth of nanowires. 22 This is achieved by forming an alloy at the tip of the nanowire. The TEM image (Figure 4a ) shows a nanowire with a gold alloy which has formed at the tip, commonly seen in shorter (< 4 µm) thinner nanowires (< 80 nm). By observing various stages of the growth from nucleation, we observe that the alloy travels upwards in the growth direction of the nanowires. This is the typical tip-growth mechanism by which these nanowires grow.
Using TEM and SAED, the growth orientation of the crystalline nanowires was determined. We also determined from TEM that some thicker nanowires (> 80 nm) grew with a core-shell structure as commonly observed in GaAs and ZnO nanowires (Figure 4d) . 22, 23 When performing cross-sectional TEM on samples prepared using FIB milling, EDX does not show a variation in composition of the core-shell to that of the surface. We believe therefore that a transition in the growth process occurs, namely, from a VLS to VS growth process similar to that observed for AlGaAs nanowires. 24 The axial growth of the central core is thought to be a VLS process after which a radial VS growth process dominates. The central core has a thickness comparable to the gold alloys at the tip of the nanowires which is approximately 30 nm.
Within the nanowires, we also observe contrast that agrees with Guinier-Preston like zones (G-P zones) under TEM (Figure 4e ). This metallurgical process is believed to occur at room temperature and is typically observed in age hardened aluminium alloys. 23 We find no structural defects such as dislocations or stacking faults within the regions and the G-P like zones appear at right angles to each other in line with the crystal lattice. EDX was unable to detect any compositional difference of the G-P zones to the surrounding matrix. A compositional difference is something that would be expected for G-P zones, however, the zones are surrounded by a thick matrix and therefore a compositional difference cannot be detected. As a result, the origin of these zones remains to be ascertained.
For very long (> 4 µm) and thick nanowires (> 80 nm) as seen in figure 4f, no gold alloy was found at the tip of the nanowire. From EDX, small trace amounts of gold could be detected which may suggest that the gold nanoparticle eventually becomes consumed within the body of the longer nanowire. In shorter nanowires (< 4 µm), we observe a distinct gold alloy formation at the tip of the nanowire (4a). This further demonstrates the change in the growth mechanism of the nanowires -namely from an initial VLS process to form shorter thinner nanowires, to a VS process that leads to longer and thicker wires. (∼ x = 0.25), 5 the point at which the material changes from a trivial insulator to a TCI (see Table   3 ). To compare the nanowires with the bulk crystals grown, TEM was used to obtain the lattice parameter from the edge of the nanowire. The lattice parameter matches (within experimental error) that of the starting powder obtained from crushed crystals shown in Table 1 .
In addition to the nanowires, micron sized crystals were also observed in areas surrounding the nanowires. EBSD allows us to ascertain the orientation of the faces of the microcrystals grown.
EDX compositional analysis of these microcrystals revealed a stoichiometry similar to that of the source material. Futhermore, no gold was present in the microcrystals suggesting a vapour-solid growth mechanism for these. Figure 5a shows the typical cubic Pb 0.60(2) Sn 0.40 (2) Te microcrystals obtained in the growth. EBSD data obtained for the faces of the cubes showed they had a The distribution density (DD) of the microcrystals across the substrate surface was much greater than that for nanowires. We found that the DD increased towards the hotter end of the substrate, where we also saw fewer nanowires growing. (Fig. 5b) .
The microcubes were ≈ 1 µm 3 and the zig-zag nanowires were found to be ≈ 1 µm in length and ≈ 20 nm thick. From EBSD, the structure of the PbSe microcubes was found to be analagous to those of the Pb 0.60 Sn 0.40 Te microcrystals. Figure 7 shows EBSD data where some features have been highlighted for ease of reference. It shows a typical microcube with growth faces in the 001 orientation. We did not observe any epitaxial relationship between the substrate and any of the various growth morphologies obtained for solid solutions of Pb 1−x Sn x Te and Pb 1−x Sn x Se. 
